Abstract Changes in the global environment such as ocean acidification (OA) may interact with anthropogenic pollutants including trace metals threatening the integrity of marine ecosystems. We analyze recent studies on the interactive effects of OA and trace metals on marine organisms with a focus on the physiological basis of these interactions. Our analysis shows that the responses to elevated CO 2 and metals are strongly dependent on the species, developmental stage, metal biochemistry and the degree of environmental hypercapnia, and cannot be directly predicted from the CO 2 -induced changes in metal solubility and speciation. The key physiological functions affected by both the OA and trace metal exposures involve acid-base regulation, protein turnover and mitochondrial bioenergetics, reflecting the sensitivity of the underlying molecular and cellular pathways to CO 2 and metals. Physiological interactions between elevated CO 2 and metals may impact the organisms' capacity to maintain acid-base homeostasis and reduce the amount of energy available for fitness-related functions such as growth, development and reproduction thereby affecting survival and performance of estuarine populations. Environmental hypercapnia may also affect the marine food webs by altering predator-prey interactions and the trophic transfer of metals in the food chain. However, our understanding of the degree to which these effects can impact the function and integrity of marine ecosystems is limited due the scarcity of the published research and its bias towards certain taxonomic groups. Future research priorities should include studies of metal x P CO2 interactions focusing on critical physiological functions (including acid-base, protein and energy homeostasis) in a greater range of ecologically and economically important marine species, as well as including the field populations naturally exposed (and potentially adapted) to different levels of metals and CO 2 in their environments [Current Zoology 61 (4): 653-668, 2015].
Introduction
Since the beginning of the Industrial Revolution, the human influence has become a major force affecting ocean ecosystems through processes such as global climate change and pollution. Estuarine and coastal ecosystems support a large fraction of the ocean's biomass and productivity and provide disproportionately high share of economic and ecological services to the humans; yet these areas are especially vulnerable to anthropogenic stress due to their location at the interface between the marine and terrestrial environments and the impacts of the coastal development and agricultural and urban runoff. Global climate change-associated drivers including temperature and ocean acidification (OA) can significantly modulate the impacts of pollution on estuarine and coastal ecosystems; however, the studies of interactions between pollution and global climate change are in their infancy Nikinmaa, 2013) . Understanding the interactive effects of multiple stressors under environmentally realistic scenarios is therefore a key priority for ecotoxicology and environmental risk assessment.
Ocean acidification is an emerging concern in estuarine and coastal ecosystems driven by increasing atmospheric carbon dioxide (CO 2 ) concentrations. Increasing partial pressure of CO 2 (P CO2 ) results in elevated levels of dissolved CO 2 in the ocean waters leading to the shifts of the pH and the carbonate chemistry of the ocean. In the 260 years since the Industrial Revolution, the pH of the ocean has dropped to ~8.1 reaching the historical low for the past 2 million years (Gattuso and Hansson, 2011) . The atmospheric CO 2 levels are predicted to reach 720-1,070 ppm by the year 2100 (depending on the scenario of the CO 2 emission) leading to the further drop of pH to 7.9; if CO 2 emissions continue unabated, the pH will reach ~7.4-7.5 by the year 2300 (Gattuso and Hansson, 2011) . This rate of the ocean acidification is unprecedented in the recent geological history of Earth. The closest analogs such the Aptian Oceanic Anoxic Event (~120 Myr ago) or the Paleocene-Eocene Thermal Maximum (~55 Myr ago) had the rates of the CO 2 increase ~100 times slower than the current rates and were associated with mass extinctions and major ecosystem shifts (Gattuso and Hansson, 2011) . In estuaries and coastal waters, the potential impacts of OA are further exaggerated by the relatively low pH buffering capacity of the brackish estuarine waters and the complex seawater chemistry influenced by the acidic freshwater inputs and the high rates of the biological acid production (such as H 2 S and CO 2 ) by the resident biota (Mook and Koene, 1975; Burnett, 1997; Millero et al., 2006; Hu and Cai, 2013; Melzner et al., 2013; Saderne et al., 2013) .
The CO 2 -induced shifts in seawater chemistry can have wide-ranging impacts on estuarine organisms affecting all trophic levels from autotrophs to top-level predators. Changes in the concentration and speciation of the inorganic carbon in seawater can affect the rates of the photosynthesis and affect the algal community structure due to the differential effects of OA on the algae that predominantly use carbonate vs. bicarbonate in the photosynthetic processes (Gattuso and Hansson, 2011) . The OA-driven reduction in the seawater pH and carbonate concentrations also strongly affects biomineralization of marine calcifiers, the organisms that build their skeleton from calcium carbonate (CaCO 3 ) (such as mollusks, corals and crustaceans) due to the higher solubility and lower saturation of CaCO 3 in acidified seawater (Fabry, 2008; Kroeker et al., 2010; Harvey et al., 2013) . OA can also affect other aspects of physiology of marine organisms including acid-base balance, energy metabolism, redox balance as well as behavior (Ishimatsu et al., 2008; Sokolova et al., 2015) . These diverse and global impacts of OA on physiology of marine organisms create a strong basis for the physiological interactions of OA with pollutants that affect the same molecular and physiological pathways.
In his recent opinion article, Mikko Nikinmaa stated that "although the possibilities for interactions between toxicant responses, climate change and ocean acidification are many, the occurrence of these interactions has been little studied experimentally" (Nikinmaa, 2013) . He attributed this lack of the empirical evidence to the tradition of the mechanistic toxicology to focus on the standard environmental conditions during toxicity testing, and strongly emphasized the need to overcome this limitation if we are to understand how environmental pollution can affect the ecosystem functioning in the changing world (Nikinmaa, 2013) . This review focuses on the current state of knowledge concerning the interactive effects of OA with the major groups of environmental pollutants and discusses the potential mechanisms involved in stressor interactions. We also identify significant gaps in our knowledge with regard to the combined effect of OA and marine pollution in the hope to spur new research in this much needed area of marine ecotoxicology. For analysis of the interactive effects of the global warming and pollution on marine organisms, the readers are referred to recent reviews (Heugens et al., 2002; Schiedek et al., 2007; Sokolova and Lannig, 2008) including a contribution to this special issue (DeLorenzo et al., 2015) .
Effects of OA on Trace Metal Toxicity

Effects of OA on bioavailability and accumulation of trace metals
Metals are common contaminants in marine environments that accumulate in high concentrations in coastal and estuarine water and sediments. Metals enter the marine environment through a variety of routes including riverine and atmospheric inputs, sewage sludge, industrial dumping and dredging spoils, and for many metals the inputs into the ocean exceed the outputs leading to increasing metal concentrations over time (Clark, 2002) . The metals in marine environments originate from both the anthropogenic and natural sources, but for metals such as cadmium (Cd), lead (Pb), zinc (Zn), nickel (Ni) and copper (Cu) the anthropogenic emissions significantly exceed the natural inputs (Clark, 2002) . Some metals (such as Cu and Zn) are essential cofactors in a number of biochemical processes while others (such as Cd, Hg and Pb) have no known biological functions in animals; however, all metals are toxic at elevated concentrations.
Changes in seawater chemistry due to OA can affect solubility, speciation and distribution of metals in water and sediments potentially affecting the metal toxicity to marine organisms. In marine environments, levels of the dissolved metals are typically low due to the relatively low solubility of trace metals in seawater and absorption of the metals on the sediments. The fraction of the sediment-bound metals depends on the metal and the properties of the sediment (such as the amount of organic carbon, particle size and entrapment of the metals within the crystal structure of the minerals) (Ankley et al., 1996) . Typically, metal concentrations in the sediment exceed the dissolved metal levels by several orders of magnitude (Hackney et al., 1998; Clark, 2002) making the sediment an important reservoir of trace metals.
Reduced pH increases solubility of metals and may cause desorption of the metals from the sediments and organic ligands leading to an elevated flux of the dissolved metals into the water column (De Orte et al., 2014a; de Orte et al., 2014b) . Consistent with this prediction, elevated CO 2 levels (in the range predicted by the near-future ocean acidification scenarios, ~700-1,500 μatm P CO2 ) raised the metal solubility and increased the flux of metals such Ni, Zn and Fe from the sediments into the water column (Breitbarth et al., 2010; Roberts et al., 2013) . Similarly, reduced pH (7.5 and 6.5) caused increased mobilization of metals (Cd, Zn, Pb and Cu) into the water column with the degree of mobilization dependent on the strength of the association between the metal and the sediment particles (Riba et al., 2003) . This desorption of trace metals from the sediments may be aided by the OA-induced decrease in biological calcification and/or dissolution in CaCO 3 resulting in the local increases of Ca 2+ concentration in the water and causing an enhanced release of metal contaminants via competition with Ca 2+ and H + for the binding sites (Du Laing et al., 2009) .
Metal speciation strongly affects bioavailability of metals, with the free ionic form being usually the most bioavailable (Paquin et al., 2000) . The waterborne metals are commonly bound to organic ligands and/or inorganic anions in seawater (Millero et al., 2009; Zeng et al., 2014) . OA is expected to significantly affect speciation of several trace metals that form strong complexes with hydroxide (OH -) and carbonate (CO 3 2-) ions (Millero et al., 2009 ). OA will decrease the concentrations of OH -and CO 3 2-ions and result in the elevated levels of the most bioavailable free ionic form of these metals. For example, Cu and Ni form a strong complexes with the carbonate, and the OA-driven decrease in CO 3 2-levels will result in an increase in free Cu 2+ and Ni 2+ concentration (from the present-day ~8% and 4%
to ~ 32% and 13% by the year 2250 for Cu 2+ and Ni 2+ , respectively) (Millero et al., 2009) . Free iron levels (Fe 2+ ) will rise from the present-day 66% to 90% by the year 2250, which can strongly affect algal productivity and marine biogeochemical cycles (Brand, 1991; Millero et al., 2009) . Speciation of other metals will be less affected by OA. For example, the proportion of free Pb 2+ will increase from ~3% to ~6% by the year 2250 (pH 7.4), while speciation of the metals that predominantly form complexes with chloride (such as Cd 2+ and Hg
2+
) is insensitive to OA (Millero et al., 2009 ). An OA-relevant decrease in pH will also have only a minor influence on the speciation of Ag, Cd or Zn (LacoueLabarthe et al., 2009 ). While some OA-induced increases in metal bioavailability (such as increases in free Fe 2+ ) may be beneficial (e.g. in the open ocean where the primary production is commonly limited by Fe bioavailability), in estuaries that have high background levels of trace metals the benefits may be less prominent and eclipsed by the elevated toxicity of the metals to the resident biota.
Recent studies on the effects of seawater P CO2 and/or pH on metal uptake and accumulation demonstrate a complex pattern which is not always predictable from the chemical models of metal speciation and ligand binding (Supplementary Table 1 ). The effects of P CO2 / pH on metal accumulation and toxicity are dependent on the species, life stage of the organism and the degree of acidification rather than the predicted levels of the free metals in seawater. Thus, Cu accumulation in bivalve mollusks (the hard clam Mercenaria mercenaria and oysters Crassostrea virginica) was non-linearly affected by P CO2 increasing at ~800 μatm and declining at ~2,000 μatm P CO2 (Götze et al., 2014) . These effects most likely reflected the effects of P CO2 on the systemic functions involved in the metal uptake (such as ventilation or metal distribution in the blood) rather than the cellular transport mechanisms because in the isolated mantle cells of M. mercenaria Cu uptake increased with increasing P CO2 as predicted by the Cu speciation models . Elevated P CO2 increased accumulation of Mn and Fe (but not Al) in a polychaete Nereis diversicolor (Rodriguez-Romero, 2014) and Zn, Pb, Cu, Ni, Cr, Hg, and As in juveniles of the carpet clams Ruditapes philippinarum from metal-contaminated sediments (Lopez et al., 2010) . In contrast, accumulation of metals (Al, Fe, Mn, Cu and Zn) from the sediment was independent of pH in the range of 7.1-6.1 in adult R. philippinarum despite the fact that overall toxicity (measured by mortality and burrowing activity) was elevated during the co-exposure to low pH and contaminated sediments (Rodriguez-Romero et al., 2014) . Strong synergistic toxicity between low seawater pH and Cu was shown on larval survival of polychaete Arenicola marina (Campbell et al., 2014) . Notably, in two species of meiofaunal copepods (Amphiascoides atopus and Schizopera knabeni) trace metals (Cu and Cd) partially mitigated the negative effects of low pH (6.07-6.30) on survival (Pascal et al., 2010) . Similarly, copper was found to be less toxic under the hypercapnic (~9,900 μatm P CO2 ) than under the control conditions in the cod Gadus morhua (Larsen et al., 1997) . In the latter studies (Pascal et al., 2010; Campbell et al., 2014; Larsen et al., 1997) , metal uptake and accumulation was not determined making it difficult to assess whether the synergistic or antagonistic effects between pH and metals on species' survival were due to the differences in the metal burdens.
Accumulation and uptake of Cd (which is one of the best studied metals with regard to metal-OA interactions) can serve as a good illustration for the species-and environment-dependent variability of responses to P CO2 . Unlike Cu and Fe, Cd speciation is independent of pH and P CO2 ; therefore, if the bioavailability of the free Cd 2+ was the main factor determining the metal uptake, one would expect no change in Cd accumulation from the water phase and a slight increase in Cd accumulation from the sediment-bound phase with increasing P CO2 . The reality is much more complex. In marine bivalves M. mercenaria and C. virginica, accumulation of the waterborne Cd into the mantle tissues increased with increasing CO 2 levels, peaking at the intermediate P CO2 (~800 μatm) in oysters and extreme P CO2 (~ 2,000 μatm) in clams (Götze et al., 2014) . These changes likely reflected the effects of P CO2 on systemic uptake and distribution of Cd because in isolated mantle cells of clams Cd accumulation was suppressed by elevated P CO2 . Elevated P CO2 reduced incorporation of waterborne Cd into the eggs and embryonic tissues of cephalopods Loligo vulgaris and Sepia officinalis (Lacoue-Labarthe et al., 2009; Lacoue-Labarthe et al., 2011) , and into the tissues of a sea anemone Anemonia viridis (Horwitz et al., 2014) . In juveniles of a clam R. philipinnarum and an amphipod Corophium volutator, Cd uptake from the sediment was independent of P CO2 (Lopez et al., 2010; Roberts et al., 2013) .
The diversity of the metal x P CO2 interactions and the lack of a clear relationship between the P CO2 -dependent metal speciation and uptake make it highly unlikely that a generalized chemistry-based model (similar to the Biotic Ligand model) can be developed to explain the effects of P CO2 and/or pH on the bioavailability and toxicity of metals in marine organisms. To be predictive, such models would need to take into account the effects of P CO2 on the cellular and systemic functions that can influence metal uptake, distribution and elimination (such as activity of the metal transporters, P CO2 -dependent changes in the expression of the metal chelators, and effects of P CO2 on the systemic functions including ventilation and circulation). Future studies would also need to characterize the effects of OA on bioavailability and accumulation of metals in a broader range of P CO2 levels (which can exceed tens of thousands μatm in some eutrophicated estuaries much surpassing the OA scenarios) and sediment types. Moreover, given the strongly developed vertical gradients of P CO2 , P O2 and pH in the sediments, the models would need to take into account the sediment depth and redox status when assessing the potential interactive effects of OA and metals on sediment-dwelling organisms.
Energy metabolism
Understanding the combined effects of P CO2 /pH and metal exposure on energy metabolism is essential for the development of the predictive mechanistically based models for the effects of OA on metal bioavailability and toxicity. The uptake of metals in aquatic organisms is directly related to the metabolic rates due to the positive correlation between the uptake of the waterborne metals in the gills and the ventilation rates (driven by the oxygen demand of an organism) as well as between the uptake of dietary metals and uptake and assimilation of food rates (driven by the organism's nutrient demand). Earlier experimental studies and toxicokinetic models indicate that metal uptake in aquatic organisms can be predicted from the metal properties (i.e. the covalent index) and species-specific ventilation rates (Veltman et al., 2008; Wang et al., 2011) , although the coupling between the ventilation and metal uptake may be disrupted by environmental stressors such as hypoxia (Hattink et al., 2005; Hattink et al., 2006) . The CO 2 -dependent shifts in the metabolic rates can therefore affect the metal accumulation and contribute to the divergent patterns of P CO2 -dependent metal accumulation in marine organisms (Supplementary Table 1 ). Metabolism of aquatic organisms is sensitive to P CO2 and/or pH; typically, moderate hypercapnia and acidification result in unchanged or elevated metabolic rate while extreme acidification leads to metabolic rate depression (Wood et al., 2008; Munday et al., 2009; Lannig et al., 2010; Dissanayake and Ishimatsu, 2011; Melatunan et al., 2011; Stumpp et al., 2011; Catarino et al., 2012; Strobel et al., 2012; Dickinson et al., 2013; Matoo et al., 2013; Hu et al., 2014) . Moreover, reduced pH as well as metal contamination can damage respiratory surfaces of marine organisms, resulting to lower efficiency of the oxygen uptake and therefore higher need for active ventilation (Lawson et al., 1995; Giari et al., 2007 ) (Rodriguez-Romero et al., 2014 . To the best of our knowledge, there are no published studies that simultaneously determined the metabolic rates and metal uptake or accumulation during the concomitant exposures to elevated P CO2 and metals. Effects of P CO2 on the dietary uptake of the metals is also largely unexplored area, although the few available studies demonstrate that P CO2 may affect feeding rates and assimilation efficiency in marine organisms (Vargas et al., 2014; Houlbrèque et al., 2015) . Further studies are needed to assess the interactive effects of OA and metals on metabolism and feeding rates of marine organisms, and this assessment should become an integral part of any physiologicallybased models for metal accumulation under different OA scenarios.
Physiological consequences of OA and metal interactions on metabolism extend beyond the effects on the metal uptake and accumulation. Energy homeostasis is a key determinant of the tolerance to environmental stresssors due to the need to balance the energy gain through food intake and catabolism with energy demand to cover the energy costs of the basal maintenance and other energy-dependent functions such as growth, reproduction and activity (Sokolova et al., 2012; Sokolova, 2013) . Toxic metals are known metabolic poisons negatively affecting the energy balance of marine organisms. Metal exposure can increase energy demand for the basal maintenance reflecting the additional energy costs to produce stress proteins (such as metallothioneins, heat shock proteins and antioxidants) and to repair the cellular damage, thereby diverting energy from other fitness-related functions such as growth and reproduction. Metal exposure can also negatively impact the cellular capacity for ATP supply due to the mitochondrial damage to and/or suppression of the substrate level phosphorylation (Sokolova, 2004; Sokolova et al., 2004; Cherkasov et al., 2006; Ivanina et al., 2009; Ivanina et al., 2010; Adiele et al., 2011) as well as disturbances of the systemic O 2 and food uptake mechanisms (e.g. damage to the gills or digestive epithelia, and impaired cardiac function) (Lawson et al., 1995; Giari et al., 2007; Lannig et al., 2008) . Exposure to elevated CO 2 may exacerbate the negative effects of metals on energy balance by increasing the basal maintenance costs often observed during exposure to moderate hypercapnia (Wood et al., 2008; Munday et al., 2009; Lannig et al., 2010; Dissanayake and Ishimatsu, 2011; Stumpp et al., 2011; Catarino et al., 2012; Strobel et al., 2012; Dickinson et al., 2013; Matoo et al., 2013) and at least partially driven by elevated energy demand for protein synthesis and ion transport (Pan et al., 2015) . In contrast, extremely elevated P CO2 or low pH typically causes the metabolic rate depression (Michaelidis et al., 2005; Melatunan et al., 2011; Hu et al., 2014) . The effects of this acidification-induced metabolic suppression on metal toxicity are not well understood and may be positive (e.g. by reducing the rates of the metal uptake and conserving energy reserves) or negative (if the reduced ATP supply limits the ability of cells to produce sufficient amounts of stress proteins).
The interactive effects of OA and metals on energy metabolism have not been extensively studied, but the available data are consistent with notion of metal-OA interactions affect energy supply and demand, and indicate that metals appear to be the dominant metabolic modulator compared to P CO2 in the environmentally relevant range. Thus, in hard clams M. mercenaria and oysters C. virginica the concomitant exposure to elevated P CO2 (~800 and 1,500 μatm) and Cd or Cu (50 μg L -1 ) led to increased induction of metallothioneins and higher proteasome activity, indicating elevated protein synthesis and turnover (Götze et al., 2014) . Interestingly, Cd exposure alone caused inhibition of the trypsin-like and caspase-like activity of the proteasome in oysters, while in clams the caspase-like activity was slightly but significantly stimulated by Cd. Elevated P CO2 reversed the inhibitory effect of Cd on the trypsin-like and caspase-like activity of oyster proteasome and strongly stimulated the caspase-like proteasome activity in clams (Götze et al., 2014) . Rapid protein turnover plays a key role in adaptive responses to a variety of stressors, albeit at a cost of the elevated energy demand (Cherkasov et al., 2006; Fraser and Rogers, 2007; Deigweiher et al., 2009 ). In C. virginica the additional energy costs of protein synthesis and breakdown appear to be fully compensated by ATP supply, as indicated by the lack of depletion of ATP and glycogen stores during the combined OA and metal exposure (Götze et al., 2014) . Cellular energy status (as assessed by the adenylate energy charge, AEC) was maintained in oysters exposed to the elevated P CO2 (~800 and 1,500 μatm) and metals (50 μg L -1 of Cd or Cu). The same was true for the clams (M. mercenaria) exposed to Cd and elevated P CO2 while coexposure to Cu and elevated P CO2 led to a decreased glycogen content and reduced AEC indicating energy deficiency (Götze et al., 2014) . Notably, elevated CO 2 levels may alleviate some negative effects of trace metals on metabolism. Thus, negative effects of metals (Cu and Cd) on mitochondrial function (including mitochondrial coupling and ATP synthesis capacity) were mitigated by low pH in marine bivalves C. virginica and M. mercenaria, potentially due to the pH-dependent effects on the metal transport and binding in the mitochondria . Elevated P CO2 levels were shown to up-regulate the expression of antioxidant proteins in oysters (Tomanek, 2011) and attenuate metal-induced generation of reactive oxygen species in clams . These findings indicate that elevated P CO2 may antagonize the negative physiological effects of trace metals on energy metabolism and oxidative stress; however, the current studies on this topic are limited to estuarine bivalves that are relatively tolerant to both metals and hypercapnia and thus cannot be generalized to all marine organisms. Future studies should including a broader range of marine taxa are needed to determine how common are the observed beneficial effects of hypercapnia on bioenergetics of metal-exposed animals and determine the implications of these effects for the whole-organism energy homeostasis.
Acid-base balance
Maintenance of the acid-base and ionic homeostasis represents a key physiological target for the interactive effects of OA and metal exposures. Environmental hypercapnia (elevated P CO2 ) has a direct effect on pH, CO 2 and bicarbonate [HCO 3 -] concentrations of the body fluids as well as the intracellular milieu of marine organisms. These shifts can strongly impact the cellular function and metabolism, and thus, to avoid the detrimental consequences of the pH shifts, animals must regulate the pH of the extra-and intracellular compartments. In fish, pH regulation in response to hypercapnia involves the net uptake of bicarbonate in the gills, as well as excretion of excessive protons via Na + /H + exchanger, V-type H + -ATPase, Cl -/ HCO 3 -exchangers and Na + /HCO 3 -co-transporters, supported by the Na + and K + gradients created by the activity of Na + /K + -ATPase and bicarbonate conversions by carbonic anhydrase (CA) (Claiborne et al., 2002) . Similar mechanisms have been described in marine crustaceans and active cephalopods (Gutowska et al., 2010; Henry et al., 2012) . Other invertebrate species like sessile mollusks and echinoderms cannot effectively regulate pH and P CO2 of extracellular fluids during hypercapnia and mostly rely on passive pH buffering mechanisms such as intracellular non-bicarbonate, non-phosphate buffers and dissolution of CaCO 3 stores and skeletons (that become a major contributor to buffering at high proton loads) (Eberlee and Storey, 1984; Sokolova et al., 2000) . Borderline and class B trace metals (such as Cd, Cu, Ag, Hg and Pb) inhibit Na + /K + -ATPase activity as well as the activity of CA in the low (nanomolar) concentrations (Lionetto et al., 1998; Skaggs and Henry, 2002; Soyut et al., 2008; Roberto et al., 2010; Lopes et al., 2011; Henry et al., 2012) and thus can suppress the acid-base regulation in marine organisms making them more sensitive to hypercapnic stress. These effects are likely to be most pronounced in the active species of fish and invertebrates that depend on ion transport mechanisms for acid-base homeostasis in the blood. Thus, Atlantic cod exposed to environmental hypercapnia achieved full compensation of the extracellular acidosis within 24 h but this compensatory response was inhibited by Cu exposure, reflecting the inhibitory effects of this metal on Na + /K + -ATPase, HCO 3 -/Cl -exchanger and CA (Larsen et al., 1997) . In contrast, in bivalve mollusks M. mercenaria intracellular pH (pH i ) of isolated mantle cells was not affected by exposure to Cd or Cu alone or in combination with elevated P CO2 . Similarly, pH i of hemocytes of clams M. mercenaria and oysters C. virginica was not affected by the long-term co-exposure to elevated P CO2 (~800 and 2000 μatm) in combination with Cd or Cu (50 μg L -1 ) indicating robust intracellular pH regulation (Ivanina et al., 2015) . Notably, exposure to Cd led to alkalosis of bivalve hemocytes and digestive gland cells (M. mercenaria and C. virginica; Ivanina et al., 2015; Mytilus galloprovincialis; (Dailianis and Kaloyaianni, 2004 ) but this effect was unchanged in hypercapnia.
Immunity
Trace metals are potent immunosuppressors in marine organisms including mollusks (Pipe et al., 1999; Coles et al., 1995; Gómez-Mendikute and Cajaraville, 2003) ; crustaceans (Xian et al., 2010) , echinoderms (Coteur et al., 2005) and fish (Handy, 2003; Prophete et al., 2006; Monserrat et al., 2007) affecting the abundance and functions of immune cells. Recent studies demonstrated that exposure to elevated P CO2 such as predicted by the near-future OA scenarios, can increase the immunosuppressive effects of trace metals. Thus, elevated P CO2 (~800 μatm and 2,000 μatm) combined with Cd exposure negatively affected the phagocytic activity and adhesion capacity of hemocytes, reduced hemolymph lysozyme activity and suppressed expression of lectins and heat shock protein 70 in hemocytes of clams M. mercenaria and oysters C. virginica (Ivanina et al., 2014) . Similarly, in blue mussels Mytilus edulis inhibition of phagocytosis by Cd, Cu or Pb was more strongly pronounced at extremely low pH (6.2) (Han et al., 2013) . This indicates that moderate environmental hypercapnia (such as expected during OA) potentiates the negative effects of metals on innate immunity and may sensitize marine organisms from polluted estuaries to parasites and pathogens. Further studies are needed to determine whether these effects are widespread in marine organi-sms and to what degree they are translated into the greater disease susceptibility in the field.
Reproduction and development
Early developmental stages (embryos, larvae and juveniles) of marine invertebrate are the most sensitive stages to environmental stressors. Fertilization is often considered a critical point in the life history of a spawning marine invertebrate and is sensitive to the impacts of both OA and toxic metals (Parker et al., 2010; Byrne, 2011; Ross et al., 2011) . The effects of elevated CO 2 on embryonic development of marine organisms are variable with the negative (Green et al., 2004; Kurihara et al., 2007; Fabry et al., 2008; Talmage and Gobler, 2009; Scanes et al., 2014) , positive (Iglesias-Rodriguez et al., 2008; Gooding et al., 2009; Melzner et al., 2011) and no effects (Gazeau et al., 2011; Range et al., 2011; Talmage and Gobler, 2011) documented in the literature. In contrast, metal exposure almost invariably leads to the impaired development and high mortality of embryonic and larval stages (Kobayashi and Okamura, 2004; Bielmyer et al., 2005; Kobayashi and Okamura, 2005; Watson et al., 2008; Jezierska et al., 2009; Witeska et al., 2014) . The available data on the combined impacts of elevated P CO2 and metals on fertilization and development of marine invertebrates show additive effects of these two stressors. Thus, in a polychaete Pomatoceros lamarckii elevated P CO2 caused reduction in fertilization success, but low levels of Cu (0.002 μM or 0.126 μg L -1 ) alone or in combination with elevated P CO2 caused no additional suppression of fertilization . In a polychaete Arenicola marina Cu strongly reduced sperm motility, fertilization success and larval survival irrespectively of seawater pH (8.3-7.5; P CO2 ~400-3,000 μatm); however, the combined exposure to elevated P CO2 and Cu suppressed sperm motility and larval survivor in an additive fashion, beyond the levels caused by the single stressors (Campbell et al., 2014) . Similarly, elevated P CO2 (~800-3,000 μatm) and low pH (7.8-7.2) negatively impacted the development of embryos and trochophore larvae of P. lamarckii, causing high mortality and body asymmetry, and co-exposure to low concentrations of Cu reduced the larval survival beyond the levels observed at the low pH alone . In marine copepods Tisbe battagliai the combination of low pH (7.9-7.7 corresponding to P CO2 ~300-600 μatm due to the low alkalinity of seawater in this study) and Cu led to suppressed production of the nauplii over multiple generations indicating severe developmental disturbances and likely epigenetic effects; however, in the presence of Cu somatic growth of the surviving larvae was significantly higher at all studied pH (Fitzer et al., 2013) .
Behavior
Behavioral avoidance of unfavorable environmental conditions is a common adaptive strategy in mobile marine organisms, and behavioral escape responses (such as the valve closure) can also play an important role in stress tolerance of sessile organisms. Recent studies showed that elevated P CO2 can affect behavior of marine organisms including the behavioral avoidance of predators and toxins. In intertidal snails Littorina littorea, elevated P CO2 increased avoidance of seawater containing chemical cues from a predatory crab, possibly to compensate for the reduced physical defense due to the thinner shells produced at low pH (Bibby et al., 2007) . In contrast, elevated CO 2 levels (~961 μatm) impaired the predator-escape behavior in a marine conch Gibberulus gibbosus by altering GABA-receptor mediated behavioral decisions (Watson et al., 2013) . Exposure to elevated CO 2 also had a negative effect on predator escape responses (including the distance travelled, response speed and duration) in tropical pomacentrid fish (Allan et al., 2013) and disrupted the olfactory mechanisms by which the fish larvae discriminate between chemical cues (Munday et al., 2008) . Trace metals such as Cd and Cu are also known to interfere with olfactory receptor binding sites (Cagan and Zeiger, 1978) and suppress the ability to respond to olfactory cues (Scott et al., 2003; Sovová et al., 2014) thereby potentially exacerbating the negative effects of elevated P CO2 . In marine bivalves, reduced pH (Clements and Hunt, 2014; Rodriguez-Romero et al., 2014) and metals such as Cd, Cu and Pb reduce the burying activity (Phelps et al., 1985; Roper and Hickey, 1994; Bonnard et al., 2009) and slow the rate of the protective valve closing (Sobrino-Figueroa and Caceres-Martinez, 2009 ), impacting the predator avoidance. Additive or synergistic effects of elevated P CO2 and metals on behavior changes may therefore affect the predator-prey interactions in marine ecosystems.
Conclusions and Perspectives
Elevated P CO2 (such as expected during the global climate change and/or observed in the eutrophicated estuaries with prevalent environmental hypercapnia) can modulate the accumulation and physiological effects of trace metals in marine organisms. The interactions between the effects of OA and trace metals reflect the shared direct and indirect mechanisms of these two stressors (Fig. 1) . Based on the published research, the key physiological functions affected by both the OA and trace metal exposures include acid-base regulation, protein synthesis and turnover, and mitochondrial metabolism and bioenergetics. Data indicate that the concomitant exposure to OA and metal stress is likely to increase the energy costs of the protein synthesis and turnover, as well as the ATP requirements for acid-base homeostasis, which will result in the greater energy demand for basal maintenance and may reduce the aerobic scope for fitness-related functions such as activity, reproduction and growth, unless compensated by the corresponding increase in the uptake and catabolism of the food (Sokolova, 2013) . The opposing effects of metals and moderate hypercapnia on mitochondrial bioenergetics may partially alleviate the negative effects of these stressors on energy balance, with CO 2 counteracting the metal-induced suppression of mitochondrial metabolism and reducing oxidative stress (Fig. 1) . It is worth noting that environmental hypercapnia does not stimulate mitochondrial metabolism of marine organisms but rather partially prevents the metal-induced damage so the net effects of elevated CO 2 and metals on the mitochondrial bioenergetics are expected to be neutral rather than enhancing. Trace metal exposures can limit the capacity of marine organisms to compensate for the acid-based shifts caused by the environmental hypercapnia. The consequences for the metal-induced disruption of acid-base homeostasis are likely to be most serious in the species that depend on the active pH regulation mechanisms (such as fish or crustaceans).
Presently, it is difficult to assess to what degree these interactions are likely to affect the organisms' fitness and thus survival and performance of marine populations. This is due to the scarcity of the published research on these interactions and its bias towards certain taxonomic groups (notably, bivalve mollusks and fish). Future laboratory studies of metal x P CO2 interactions focusing on these three critical physiological functions (acid-base, protein and energy homeostasis) and encompassing a greater range of ecologically and economically important marine species are critically needed, supplemented by the field studies of the populations naturally exposed (and potentially adapted) to different levels of metals and CO 2 in their environments.
Environmental hypercapnia may also affect marine food webs by altering predator-prey interactions and the trophic transfer of metals in the food chain. The available data demonstrate that elevated P CO2 affects accumulation of a variety of trace metals in the potential prey species as well as the ability of prey species to escape their predators, which has direct implication for bioaccumulation and biomagnification of metals. However, we yet lack an understanding of the mechanisms of the P CO2 -induced alteration of the metal uptake which precludes the development of mechanistically-based predictive models of CO 2 -dependent metal accumulation. Determination of the P CO2 and pH effects on the transport of essential and non-essential metals is therefore a ripe and potentially fruitful area of future research.
Fig. 1 A schematic representation of the potential mechanisms of OA-metal interactions in marine organisms
Red arrows -stimulating effects, T-shaped lines -inhibitory effects, question marks -effects unknown or variable. Me -metals, ETS -electron transport system, ROS -reactive oxygen species, NHE -Na + /H + exchanger, CA -carbonic anhydrase.
